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Thispaperpresentsthefirst andtheonly simultaneousmeasurementswatervaporby
MIR (Millimeter-waveImagingRadiometer)andLASE (Lidar AtmosphericSounding
Experiment)onboardthesameER-2aircraft. Watervaporis oneof themostimportant
constituentsin theearth'satmosphere,asits spatialandtemporalvariationsaffectawide
spectrumof meteorologicalphenomenarangingfrom theformationof cloudsto the
developmentof severestorms. Its concentration,asmeasuredin termsof relative
humidity, determinestheextinctioncoefficientof atmosphericaerosolparticlesand
thereforevisibility. Theseconsiderationspoint to theneedfor effectiveandfrequent
measurementsof theatmosphericwatervapor. TheMIR andLASE instrumentsprovide
measurementsof watervaporprofileswith two markedlydifferenttechniques.LASE
cangivewatervaporprofileswith excellentverticalresolutionunderclearcondition,
whileMIR canretrievewatervaporprofileswith acrudevertical resolutionevenundera
moderatecloudcover. Additionally,millimeter-wavemeasurementsarerelativelysimple
andprovidebetterspatialcoverage.
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Abstract.

Profiling of ,,\lmosphcric Water Vapor with MIR and LASE

, P. Racettc _, M. E. Tricsky I, E. V. Browell 2, S. Ismail-', and k. ,4.. Chang -_

Concurrent measurements of atmospheric water vapor profiles were conducted over the

Atlantic Ocean on September 25, 1995 with both Millimeter-wave Imaging Radiometer (MIR)

and Lidar Atmospheric Sounding Experiment (LASE) on board the NASA ER-2 aircraft. LASE

provides high precision measurements of profiles of both aerosol backscatter and water vapor

with high vertical resolution of 60 m for aerosol backscatter and 330 m in the low-to-mid

troposphere and 550 m in the upper troposphere for water vapor. LASE measurements are,

therefore, an excellent resource to calibrate the capability and limitation of MIR as a water vapor

profiler. Previously, the water vapor profiles retrieved from the MIR measurements have been

compared with those of rawinsonde and Raman iidar observations at point locations. The

frequency and extent of the comparisons made in that fashion were largely constrained by the

requirement of near coincidence in time and space. The data acquired concurrently by MIR and

LASE from this ER-2 aircraft flight enable the comparison of MIR-retrieved and LASE-

measured moisture profiles over a long stretch of time and space. In addition, the LASE-

measured profiles of aerosol backscatter provide the means to assess the impact of clouds on

retrieval of water vapor profiles from the MIR measurements.

It is shown that profiles of water vapor mixing ratio retrieved from the MIR data generally

conform to those measured by the EASE. Differences in the values of mixing ratio at individual

altitude levels are quite often not small, however. A substantial portion of these differences is

shown to be due to the poor vertical resolution inherent in the profile retrieval from the

radiometric measurements. MIR water vapor profiling under cloudy conditions is also



demonstrated,andthe location and height of the low-altitude clouds estimated from the retrieval

process were generally consistent with those observed by the LASE. In the region of cirrus

clouds where appreciable 220 GHz brightness temperature depressions occurred, retrievals from

the MIR data result in the over-estimation of mixing ratio. A procedure to account for the

millimeter-wave scattering by ice particles is needed in the algorithm to improve MIR water

vapor profiling over the region of cirrus clouds.
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I. Introduction.

Profiling of atmospheric water vapor using the strong absorption line at 183.3 GHz has

been studied for nearly two decades [I-13]. Theoretically, Schaerer and Wilhcit [ 1] explored the

characteristics of this strong water vapor line by pe,forming both forward calculations and

profile retrievals over the ocean surface. The approach was extended by Wilheit [7] to retrieve

water vapor profiles under both clear and cloudy conditions. Other alternative simulation studies

and analyses have been performed by Rosenkranz et al.[2], Kuo et al. [11] and Muller et al. [12].

Experimentally, water vapor profiles have been retrieved using radiometric measurements by the

Airborne Microwave Moisture Sounder (AMMS) in the 1980's [3-6]. AMMS is a cross-track

scanning radiometer that operates at four frequencies of 90, 183.34-_2, 183.3_+5, and 183.3_+9 GHz,

and has a temperature sensitivity (AT) of about 4-5 K at all channels, based on 70 msec

integration time [3]. Because of its limited number of channels and poor AT's, the AMMS

radiometric measurements could not provide robust retrievals of water vapor profiles under a

cloudy sky [8]. More recently, a Millimeter-wave Imaging Radiometer (MIR) was built and

demonstrated to be far superior than the AMMS through a number of field experiments [9-10]. It

contains six channels in the frequency range of 89-220 GHz and, with a comparable integration

time of the AMMS, has AT's of < I K at all channels [14]. The radiometric measurements from

this sensor have been used to retrieve water vapor profiles under cloudy conditions with

reasonable success [10]. Burns et al.[13] have also examined the effects of precipitation and

cloud ice on these water vapor channels using measurements from the SSM/T-2 (Special Sensor

Microwave/Temperature-2) on board the DMSP (Defense Meteorological Satellite Program) F-

I ! satellite. These theoretical and experimental efforts provide an effective demonstration of the

capability and limitation of using tile 183.3 GHz line for water vapor profiling.
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The experimental restllts of water vapor profiling derived Ironl the i\MMS and MIR

measurements were routinely compared with nearly concurrent (within 4-3 hours) rawinsonde

observations at some selected locations [3, 6, 9]. A comparison of water vapor profiles retrieved

from the MIR measurements was also made with ground-base_l Raman lidar observations at

NASA's Wallops Flight Facility (WFF), Wallops Island, Virginia during the Convection and

Atmospheric Moisture Experiment (CAMEX) of July 20-August 6, [993 [9]. Reasonable

agreements were found between the profiles retrieved from these AMMS and MIR measurements

and those measured at the ground locations. However, these comparisons were limited to single

locations and there has been no validation of the profiles retrieved from the measurements of

these millimeter-wave sounders over an extended region. During September 1995, MIR and

LASE (Lidar Atmospheric Sensing Experiment) were on board the NASA ER-2 aircraft during a

number of flights both over land and ocean areas in the eastern U.S. LASE measures both

aerosol backscatter and water vapor mixing ratio with high accuracy and vertical resolution. The

LASE-measured values of mixing ratio were compared with those measured concurrently by the

ground-base Raman Lidar and rawinsondes at WFF and an excellent agreement was found

among the three different approaches [15]. These flights provided the first opportunity to

validate the water vapor profiling fiom the MIR radiometric measurements over an extended

region.

In the following we present and discuss the results of these concurrent LASE and MIR

measurements. The scenario of an LASE and MIR inter-comparison flight and the characteristics

of LASE and MIR are described in Section 2. Time variations of LASE-measured aerosol

backscatter and water vapor profiles, as well as the M1R-rneasured brightness temperatures are

presented in Section 3. Retrievals of water vapor profiles from the MIR measurements and
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comparison of these profilcs with thosc Irom the LASE nlcasuremcnts are given in Section 4.

The characteristics and limitation in vertical resolutiort of the water vapor profiles retrieved from

the M1R measurements are discussed in Section 5. Finally, the main features derived from the

analysis of these concurrent MIR and LASE measurements are summarized in Section 6.

2. The Measurements.

The measurements presented in the following sections were made concurrently by the MIR

and LASE on board the NASA ER-2 aircraft on September 25, 1995 over the ocean areas east of

the Carolinas. The aircraft was stationed at NASA Goddard Space Flight Center's (GSFC)

Wallops Flight Facility (WFF), Wallops Island, Virginia, during September 1995 for the LASE

Validation Experiment. The flight on September 25 was one of few that the MIR data were not

corrupted by LASE aircraft-to-ground telemetry signals. The ER-2 aircraft took off from the

WFF around 1700 UTC and spent the first three hours of the flight over land that is not of

interest to this paper. The latter part of the flight beginning around 2020 UTC was over the

ocean areas where water vapor profiles could be readily derived from the MIR radiometric

measurements [9-10]. LASE provided water vapor profiles with high vertical resolution both

over land and water surfaces. Figure 1 shows a sketch of the flight path of the ER-2 aircraft for

this latter part of the flight. A few tick marks on the flight track give the UTC times of the

aircraft locations. The concurrent MIR and LASE measurements along five straight line

segments, indicated by L1, L2, L3, L4, and LS, are analyzed and presented in the following

sections. The L2, L3 and 1_,4 legs give the repeated measurements over the same region. The

oceanic regions covered by the flight are mostly clear; patches of high-altitude cirrus clouds and

low-altitude liquid clouds are also present in some segments of these flight lines.
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The MIR is a six-channel t89, 150, 183.3_+I, 183.3_+3, 183.3+7, and 22{) Gtlz) cross-track

scanning total-power radiometer mounted on the right-wing superpod of tile ER-2 aircraft. The

sensor has a 3-dB beamwidth of about 3.5 ° at all frequency channels and covers an angular swath

of +50 ° with respect to nadir. In every scan cycle (about 2.9 sec in normal operational mode), it

views two external calibration targets; one of them is heated to a temperature of approximately

330 K and another remains at the ambient temperature that, at the cruising altitude of the ER-2

aircraft, is about 240 K. The temperatures of these calibration targets are closely monitored to

within +0.1 K. The temperature sensitivity (AT) for all six channels is about 0.5 K based on 70

msec integration time. The calibration accuracy is better than _+2 K in the brightness temperature

(Tt,(v), v is frequency) range of 240-300 K. At Tb(v) below 240 K, the measurement accuracy is

somewhat uncertain; based on the calibration studies in the laboratory, the accuracy near the

liquid nitrogen temperature of 77 K is estimated to be _+3K [14].

The Lidar Atmospheric Sensing Experiment (LASE) system was developed at the NASA

Langley Research Center to measure atmospheric water vapor and aerosols profile, and cloud

distributions from aircraft [15-16]. LASE is a compact and highly engineered Differential

Absorption Lidar (DIAL) system that has demonstrated autonomous operation from the high-

altitude ER-2 aircraft as a precursor to a space-borne DIAL system. The laser system consists of

a double-pulsed Ti:sapphire laser that operates in the 815-nm absorption band of water vapor and

is pumped by a frequency doubled Nd:YAG laser. The double pulsing is needed to generate the

'on' and 'off' line pair needed for the DIAL water vapor measurements. The wavelength of the

Ti:sapphire laser is controlled by injection seeding with a diode laser that is frequency locked to

a water vapor absorption line using an absorption cell. LASE operates locked to peak of a strong

water vapor absorption line profile and electronically tunes to any spectral position on the
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absorptionline (side-lineposition). This permitstheselectionof anabsorptioncross-sectionthat

is optirnum over a rangeof water vapor concentrations. LASE is capableof transmitting a

combinationof the wavelengthpairsthat togetherperrnitan optimum profiling of water vapor

over the entire troposphere. The detector systemusessilicon avalanchephoto diodes and

multiple digitizers to covera largesignaldynamicrange { 106), and the signal processor system

was designed to be relatively insensitive to rapid changes in signal levels. The capability of

LASE for profiling tropospheric water vapor and aerosol profiles, and cloud distributions was

demonstrated during the LASE Validation Experiment [16] that was conducted during

September 9-26, 1995 at NASA Wallops Flight Facility in conjunction with the CAMEX-2.

During the LI to L5 segments (Figure I) of the flight on September 25, 1995, LASE was

operated, for the first time, in a two line-pair combination to measure water vapor from the

ground to the tropopause region. In addition to water vapor profiles, aerosol scattering ratios and

cloud distributions were measured.

To facilitate discussion of the observed variations of brightness temperatures in the next

section, the weighting functions (W(v, h), h being the altitude) at six MIR frequencies between

89-220 GHz are calculated and displayed in Figure 2 for two hypothetical atmospheric

conditions: one extremely moist at 100% uniform relative humidity (RH) and another rather dry

at 30% uniform RH. A temperature profile generated by ECMWF (European Center for

Medium-range Weather Forecast) in the region of the aircraft flight was assumed in the

derivation of these functions. The maximum of W(v, h)'s fo, the three !83-GHz channels shifts

to higher altitudes as RH changes from 30% to 100%. At 30% RH, surface emission contributes

significantly to the Tb(V)'S at all three window channels (89, I50 and 220 GHz); there is a small

surface contribution at 183.3+7 GHz too. Assuming a sea surface temperature of 300 K, the
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calculated Th(V) values corresponding to these W(v h)'s arc 208, 257, 249, 265,280, and 280 K

for v = 89, 150, 183.3_+1, 183.3+3, 183.3_+7, and 220 GHz, in sequential order. At 100% RH,

these values become 262, 282, 236, 253,267, and 276 K. There is an increase m both Tb(89) and

Tb(150) and a decrease in Th(220) as the atmosphere changes fiom dry to moist condition. A

reversal in Tb(V) at 150 and 220 GHz is also observed; at 30% RH, Th(150) < Tb(220), and at

100% RH, Tb(150) > Tb(220). At all three 183.3 GHz channels, Tb(V) values decrease as RH

changes from 30% to 100%. These trends are observed by the MIR measurernents described in

the next section.

3. Results.

Figure 3, (a) and (b) respectively, shows the profiles of aerosol backscatter (in terms of

relative backscattering 13) and water vapor mixing ratio (P) measured by the LASE over a 20-

minute period between 2033 and 2053 UTC, covering the middle portion of the flight leg LI.

Both parameters are expressed in gray scale indicated on the right side of the figure. For aerosol

backscatter in Figure 3(a), the totally black pixels represent two different scenarios: either [3 is >

420 or dense clouds at higher altitudes totally attenuate the LASE signal returns below them.

Three conspicuous examples of the latte," are indicated by the arrows A, B, and C in Figure 3(a)

where the regions of LASE signal attenuation extend from the surface to 2-3 km altitudes. At the

locations of B and C, the cloud tops occur around 5 km, while at the location of A, about 3 km.

These clouds are small liquid drops that absorb and emit radiation at MIR frequencies as

described below. In between A and B there are patches of rnoderately dense ice clouds in the

altitude range of 7- l 1 km. The presence of liquid and ice clouds affects the LASE measurements

of p profiles displayed in Figure 3(b). In the regions of liquid clouds, LASE could not provide
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meastu'enlents of t) +it altitudes below - 3 kin. LASE <.lat<tover the altitude region 4.5-7.0 km

have been edited to avoid the bias duc It) saturation effects over the patches of ice clouds.

The LASE measurements of p cover an effective altitude range of 0.6-16 km; as a

consequence, there is a gap between the surface and the 0.6 km altitude in Figure 3(b). In

addition to the four regions associated with the dense clouds discussed above, there are a few

places where no p measurements are rnade below - 2 kin. These are presumably caused by some

low-level liquid clouds or dense aerosol shown in Figure 3(a). Besides these minor deficiencies,

the LASE measurements generally provide p profiles with high vertical resolution that compare

well with those measured by rawinsondes and ground-based Raman lidar at WFF [16]. Notice

that, from the beginning of Figure 3(b) at 2033 UTC to the end at 2053 UTC, there is a general

increase in p. This can be seen fiom the gradual change in gray scale of the pixels between the

altitudes of 2-6 km.

The corresponding brightness temperature variations measured by the MIR over the same

time period are shown in Figure 4. The resolution of Tb(89) along the vertical axis is reduced by

a factor 2 relative to that at other frequencies to allow for large variations caused by the presence

of cloud covers. The peaks in the Tt,(89) curve are caused by the low-altitude liquid clouds. The

three pronounced maxima in Th(89) denoted by arrows A, B, and C occur at the same locations

of low-altitude clouds observed by the LASE displayed in Figure 3. The Th(89) increases as a

result of increased emission from the liquid water. The values of Tb(150) and Tb(220) are

generally in the 280-285 K range, implying that in W(v,h)'s for these channels peak in the

altitude range of !-4 kin. The radiation observed by these channels predominantly originates

from the same lower atmosphere where the low-altitude liquid clouds are observed by the LASE.

As a consequence, the low sensitivity of these channels to the low-altitude clouds is reflected in
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tile srnall variations in both Tb(150) and T1_,220). At tile locations ol'B and C. the absorption and

emission by liquid water near the cloud-top freezing-level temperature apparently lower both

Tb([50) and Tb(220). The 183.3+7 Gl-lz channel also experiences this effect, albeit to a smaller

extent; in the absence of clouds, W(183.3+7, h) may peak around 4-kin altitude in the

neighborhood of B and C.

Besides features associated with these low-altitude clouds, the values of Tb(89) generally

show a gradual increase from 2033 to 2053 UTC. This is accompanied by the gradual decrease

in both Tb(183.3+7) and Tb(183.3+3) over the same period. From the curves of Figure 2, this

indicates a gradual enhancement of column water vapor from the location at 2033 UTC to that at

2053 UTC. The absence of Tb(183.3+1) decrease suggests that the enhancement of water vapor

from 2033 to 2053 UTC occur mostly in the middle troposphere, consistent with the LASE

observations in Figure 3. The Tb(220) also shows some gradual decrease from 2033 to 2053

UTC, implying that W(v, h) shifts slightly to a higher altitude and the surface contribution to

Tb(220) is minimal. A slight initial increase followed by a very slight decrease in Tb(150)

suggests that the maximum of W(150, h) occurs near the surface. Notice that there is a broad

brightness depression for all three 183.3 GHz channels around 2048 UTC, which apparently is

related to the presence of ice clouds near 9-km altitude (Figure 3). This is likely caused by the

enhancement of water vapor in the region of ice clouds. Scattering of radiation by ice clouds also

gives brightness depression [17-20]. but the minimal depression at the higher frequency channel

(i.e., 220 GHz) rules out this process as the dominant effect. Similar observations on water vapor

variations are made when comparing LASE and MIR measurements from flight leg L5.

The measurements over the region covered by L2, L3, and L4 compare differently. Figure

5 shows the LASE-measured [3 and 9 for the two consecutive passes L2 (flight from southwest to
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northeast) and L3 (flight from norlhea.',l io southwest) over the region. It is evident from Figure

5a that the atmosphere is mostly clear on the southwest portion of the flight path. On the

northeast portion of the flight, the region is covered with dense cirrus clouds tit altitudes > 9 km;

LASE signals are totally attenuated below the base of these clouds, and the measured profiles of

P are limited to the region above the cloud base. Over the region of clear sky, the LASE-

measurements show the vertical distribution of water vapor in great detail. Notice that the

structures of P variations between L2 and L3 are nearly symmetric in this region, indicating

repeatability and reliability of the LASE measurements.

Figure 6 shows the variations of the corresponding MIR-measured Tb(V)'S from the same

L2 and L3 passes. The values of Tb(89) remain fairly constant for both passes over the region.

The slightly higher values at a few locations are associated with low-level clouds observable

from Figure 5a. The high-altitude dense cirrus clouds appear to cause some depressions in

Tb(V)'S at v > 150 GHz, but do not show much effect on the 89 GHz channel. At the largest

depressions near 2155 UTC, Tb(V)'S decrease by -2 K, -4 K, and -8 K at v = 150, 183.3_+7, and

220 GHz respectively. This strong frequency dependence of brightness depressions is consistent

with the observations of cirrus clouds over northern Oklahoma and arctic region reported by

Wang et a1.[17-18]. There is some enhancement in Tb(89) just beyond 2155 UTC. This is

related to the low-level clouds in the 1-1.5 km altitude range detected by the LASE and shown in

Figure 5a.

4. Comparison of Water Vapor Profiles.

The algorithm used for the retrieval of p's from the MIR radiometric measurements has

been reported previously [9-10]. It is capable of retrieving profiles of p under either clear sky or

moderate, low-level cloud cover through iterative process [10]; the effect of millimeter-wave
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scattering by the cirrus clouds [17-20] is not considered in tile retrieval. Bcsidcs the six channels

of MIR-measured Th(V) values, ;_lmosphcric ternperature profiles and sea surface ternperature

(SST) are needed in the retrieval: these are obtained from the ECMWF (European Center for

Medium-range Weather Forecast) derived products near the time and region of the

measurements. A calm water surface is assumed for simplicity; the impact of the effect of wind-

roughened ocean surface on the surface emissivity and, therefore, on water vapor profiling is

shown to be small when surface wind speed is <_ 10 m/s [9]. The revised atmospheric millimeter-

wave propagation model of Liebe [21] and Liebe et al. [22] is used for the calculations of

absorption coefficients by the atmospheric gases at the MIR frequencies. In each iteration, the

Tb(v) values at the six frequency channels of the M1R are calculated from the estimated p profile

and compared with the measured ones. The quality of this comparison is expressed in terms of

the root-mean-square of the differences between the calculated and measured Tb(V) values, 8Tt,,

as

1
= lTd.(v) - }':'- (i)

n-- I v=l

where the subscript rn and c, respectively, refer to the measured and calculated Tt,(v) values.

When 5Tt, is less than or equal to a specified quantity _ (which is set equal to I K, conforming to

the accuracy of the MIR measurements at any iteration, the retrieval is considered convergent

and the resultant p profile adequate for the measured Tt,(v) values. If _STt, > c, a new p profile is

estimated and the new 8Tb computed through another iteration. Convergence is normally

achieved within 4-5 iterations. The retrieval is stopped and results output when the number of

iterations reach a pre-determined value (10 in the present case); in these cases the resultant 5Tt, is
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_> 1 K. The p's arc retrieved at six allitudcs of 0.25, 1.25, 2.25, 4.75, 7.25 and 11).25 km fl'om six

channels of the MIR measurements.

Figure 7 shows the results of the retrieval for the same time interval displayed in Figures 3

and 4: (a) profiles of P expressed in terms of gray scale, (b) estimated total cloud liquid water and

cloud top, and (c) total precipitable water (TPW) and 5Tb. Here the TPW values are estimated

by simply integrating the P profiles in Figure 7a, and cloud liquid water includes estimation at all

levels below the cloud top. The retrieval at the maximum height of 10.25 krn is reflected from

the boundary of P profiles in Figure 7a. A gradual enhancement of P from 2033 to 2053 UTC

can be seen from Figure 7a at altitudes < 7 km; this trend is clearly displayed in Figure 7c as

TPW increases from - 4 g/cm 2 to >_5 g/cm z over the same period. Higher P values are generally

associated with areas where low-altitude liquid clouds are observed by the LASE (Figure 3a).

The cloud tops displayed in Figure 7b correspond closely with the ones measured by LASE

aerosol backscatter in Figure 3a. The area covered by the cirrus clouds (between arrows A and B

in Figure 3a) appears totally clear to MIR. No cloud liquid water is estimated in this area; only

some enhancement in P appears in the altitudes > 4 km. For the two cloud cells (B and C in

Figure 3a) near 2051 UTC, where LASE-measured cloud tops are about 5 kin (Figure 3a) and

Tb(89) -> 270 K (Figure 4), the retrievals of P profiles face some uncertainties; low P values are

retrieved at altitudes below 3 km and _Tb ----2-3 K. These belong to the class of dense liquid

clouds for which the retrievals of p profiles from the MIR measurements become more uncertain

[10]. For the rest of the 20-minute interval, 5Tb'S range between < I K to -2 K.

Figure 8 compares the MIR retrieved P profiles with those measured by the LASE at four

selected times from the same 20-minute interval. Plots a and c are from the clear areas and plots
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b and d, fi'om the two cloud cells B and C (Figure 4). Ill these plots, thc solid curves show tile

LASE-measured p profiles and the open circles, the MIR-rctrievcd p values at six different

altitudes. The LASE-measured cloud tops are indicated by the horizontal line segments with

downward arrows in plots b and d. For plots a and c, the MIR-retrieved p values give generally

smooth profiles that decrease monotonically with altitudes. These profiles compare favorably

with those measured by the LASE. Because of poor vertical resolution in the MIR-retrieved

profiles, appreciable difference may exist in the p values measured by the two sensors at a given

altitude h. For example, at h < 3 kin, the differences between the MIR-retrieved and LASE-

measured p's from these plots can be as large 2 g/kg. Plots b and d shows that, at altitudes

greater than the cloud top of-5 km, the MIR-retrieve and LASE-measured p's compare

favorably. LASE could not make p measurements at h _<2.5 km, and the MIR-retrieved p values

are not reliable for these dense clouds, as noted in the discussion of Figure 7a.

A comparison between MIR-retrieved (solid curves) and LASE-measured (open circles) p

values at five different h's over the entire 20-minute interval is shown in Figure 9. At h = 1.25

km, there are a number of places with missing LASE data due to the attenuation of low-altitude

clouds. Data gap in LASE-measured p's also occurs at h = 7.25 km and h = 2.75 below the

intense cirrus clouds observed around 2048 UTC (see Figure 3). Some of the LASE data points

at all h's in the immediate neighborhood of these gaps could be unreliable. For the three levels at

h < 4.75 km, there is a very good agreement between the LASE-measured and MIR-retrieved p's;

the differences in p's measured by the two sensors are generally < 2 g/kg. At h = 7.25 km and h

= [0.25 km where 9 values are small, the fractional differences in the measurements from the

two sensor appear more appreciable (small when plotted in the scale of Figure 8). Some of these
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differences are intrinsic in ihe profiling olp l:ronl the MIR nleasuremcnts to hc discussed in tile

next section.

A similar comparison between the LASE-measured and MIR-retrieved 9"s from the flight

legs L2 and L3 is displayed in Figure 10. The region under intense cirnas clouds (see Figure 5) is

in the middle portion of the figure anti P is not measured by the LASE at h __ 7.25 km. At h =

10.25 km, the P values from both sensors agree very well except in the areas of cirrus clouds.

For an interval of about 2-3 minutes in the cirrus cloud area, around -2139 UTC from L2 and

-2152 UTC from L3, both LASE and MIR detect an enhancement of P and the P values from

both sensors agree reasonably well; in the other areas the MIR-retrieved values are generally

higher. At h = 2.75, 4.75, and 7.25 krn, the MIR-retrieved p's in the areas of cirrus are also

higher than those in the areas of clear sky. While the p's are expected to be enhanced in the

regions of cirrus clouds, the MIR-estimated values could be on the high side, because our

retrieval algorithm does not deal with scattering of radiation by ice particles; i.e., the brightness

temperature depression caused by ice-particle scattering is treated the same as that caused by

water vapor enhancement.

5. Discussion,

It was pointed out in the previous section that the P profiles retrieved by radiometric

measurements from a passive sensor such as MIR are intrinsically of poor vertical resolution.

Consequently, these profiles provide a general trend of altitude vaiiations of p's like those

displayed by plots (a) and (c) in Figure 8. A comparison, at a given altitude, of p's derived from

the MIR measurements with those measured by the LASE with a fine vertical resolution would

sometime result in appreciable differences. To illustrate this effect more explicitly, Tb(v)'s at the
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MIR frequencies have been calculated using the LASE-mcasured p profiles and the same

ternperature profiles generated by tile ECMWF and used in the retrieval presented in the previous

section. Since the LASE measurements end at h = 0.6 kin, tile p's below that altitude are

extrapolated before the forward calculations of Tb(V)'s are performed. The calculated Tb(v)'s are

then input to the retrieval algorithm for derivation of p profiles. The retrieved p values at four

different h's (represented by +) are compared with the original ones (open circles) in Figure I 1

for flight leg LI. Notice that there are a number of places where there are no retrieved p's.

These are places where there are no LASE measurements below I km; these locations are

excluded from the calculations and retrievals.

Figure 11 shows that the retrieved p's are quite often not close to the ones originally

measured by the LASE. At h = 2.75 km and h = 4.75 km, the differences between the retrieved

and measured p's could differ by as much as 2 g/kg, comparable to those resulting from the

comparison of MIR-retrieved and LASE-rneasured p's shown in Figure 9. The measured p's

generally show more temporal variations than the retrieved p's. At h = 7.25 km the retrieved p's

for the period before 2045 UTC are lower than the measured ones. At h = 10.25 km the retrieved

p's are slightly higher than the measured ones over the same period. Comparing these results

with those displayed in Figure 9 suggests that part of the differences between the LASE-

measured and MIR-retrieved p's in that figure is inherent in the retrieval process, and a better

agreement is expected between the MIR-retrieved and LASE-retrieved p's. This is more clearly

shown in Figure 12 where the MIR-retrieved (solid curves) and LASE-retrieved (open circles)

p's are compared for the portions of LI, L2, and L3 in which the LASE-retrieved p's are most

populated. In reference to Figure 9 t'or L l, an improved agreement between the MIR- and LASE-
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retrieved p's at all tkmr altitude levels in quite evident in Figure 12. For 1+2and L3 the agreement

between the MIR- and LASE-retrieved p': is excellent at both h = 2.75 krn and I1 = +-1-.75kin. At

higher altitudes of 7.25 kln and 10.25 kin, the LASE-retrieved 9's are mostly smaller than the

MIR-retrieved 9's. Comparing to the corresponding data in Figure 10, the agreement between

the MIR- and LASE-retrieved 9's is slightly better at h = 7.25 km and slightly worse at h = 10.25

km. These differences between the MIR- and LASE-retrieved p's in Figure 12 could be

attributed to the accuracy of the measurements and the deficiency in the retrieval algorithm.

It was pointed out in Section 4 that the algorithm used to retrieve p profiles from the MIR

radiometric measurements deals only with the absorption by water vapor and liquid clouds;

scattering of millimeter-wave radiation by cirrus (ice) clouds [17-20] is totally ignored by the

algorithm. The effect of scattering by cirrus clouds is reflected in the depression of Tb(v)'s at the

MIR frequencies [17-18], which is similar to that caused by the enhancement of atmospheric

water vapor discussed in Section 2. Thus, the high MIR-retrieved 9 values at h = 7.25 and 10.25

km in L2 and L3 in Figure 12 could be the results of Tb(V) depressions caused by cirrus clouds.

To obtain accurate 9 profiles from the MIR measurements over a region of cirrus clouds, the

retrieval algorithm will have to be upgraded to include the effect of millimeter-wave scattering

by the ice particles.

Using the LASE measurements as a standard by which to compare i3 profiles, the errors in

the MIR-retrieved 19 profiles, due to the uncertainties in the MIR measurements and ECMWF-

supplied temperature profiles, are approximately assessed. This is accomplished through

calculations of the standard deviations 1,2x0,,.(h)) of the differences between the concurrent MIR-

retrieved and LASE-measured 13(h)'s, at the five different h's of 1.25, 2.75, 4.75, 7.25, and 10.25
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kill. Thc results are ,.z,iven in lira fir.,,t column o1:Table I, where the first nunll_cr before tIle _+sign

is the bias (average) of the p(.h) dilfcrcnces at a given h. Similar calculations are also made for

the Apl(h)'s between the LASE-retricvcd and LASE-measured p(h)'s, and the results are shown

in the second column of the same tahle; these approximately give the errors that are inherent in

the retrieval process. In third column of the table the averages (pt(h)) and standard deviations of

p(h)'s measured by the LASE over all five flight segments are given. Finally, the averages

(pc(h)) and standard deviations of p(h)'s derived from the rawinsonde data from Charleston,

South Carolina (32.9°N, 80.03°W) over a 3-month period of April-June 1996) are also entered in

the last column of the table for reference and comparison. Notice that p,.(h)'s are generally much

smaller, but exhibit larger variations at low h, than pt(h)'s. Some biases are present in the

Apl(h)'s, although they are small compared to the typical pl(h) values of 6.9, 3.32, 1.0, and 0.28

g/kg at h = 2.75, 4.75, 7.25, and 10.25 km respectively.

A comparison of Ap,,,(h)'s and Ap/(h)'s suggests that intrinsic errors resulting from the

retrieval process account for a substantial portion of the errors in MIR water vapor profiling.

These intrinsic errors are mainly due to the poor vertical resolution inherent in the radiometric

measurements (in contrast to the active measurements provided by the LASE). For h > 2.75 km,

both Apm(h)'s and Apz(h)'s are smaller than the standard deviations of pt(h)'s, implying that the p

profiles derived from the MIR measurements could provide valuable information on the variation

of the moisture field. At h = 1.25 km, Ap,,,(h) is only slightly smaller than the standard deviation

of pt(h); this implies that p(h)'s derived from the MIX measurements provide limited information

on the variation of moisture field at low-altitude levels. Howeve,, the variations of pl(h)'s in

Table 1, measured by the LASE over a time interval of about 3 hours only, are limited to a region
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confined by the hmgitttdc and h.ttitudc r',mges of 8 _' by 6 °. O,+cr a hmgcr time interval and]or a

larger spatial scale, p(h)'s are expected to display a much larger variation, like tile ones sltown in

the p,.(h) column at h < 2.75. The MIR measurements would provide valuable p profiles under

such circumstances.

Table 1. Biases and standard deviations of the differences between the retrieved

and measured water vapor mixing ratios.

Height Ap.,(h) Ap_Ch) pt(h) p_(h)

1.25 -0.35+0.98 13.66+ 1.17 8.00+3.57

2.75 -0.13+0.84 -0.05+0.95 6.90+2.1I 3.96+2.37

4.75 0.37__+0.95. 0.12+0.57 3.32+1.88 1.64+1.12

7.25 0.22+0.42 0.03+0.16 1.00+0.72 0.49+0.38

10.25 0.04+0.06 0.00+0.02 0.28+0.09 O. 10+0.07

6. Conclusions.

Measurements of water vapor profiles were made concurrently with LASE and MIR on

board the NASA ER-2 aircraft over the Atlantic ocean on September 25, 1995. The LASE

measured profiles have a vertical resolution of 330 to 550 m, depending on altitudes, and,

therefore, serve as an excellent standard with which the lower-resolution profiles retrieved from

the MIR measurements can be compared. Previously, the water vapor profiles obtained from the

MIR measurements could only be compared with those measured by dropsondes from a different

aircraft or by the ground-based Rarnan lidar and rawinsondes [9,10]. The requirement of the

approximate coincidence in time and location of these measurements essentially limited the

comparison to a few selected cases. The 3-hour flight of LASE and MIR described above, on the

other hand, provides about 180 independent and concurrent measurernents over the ocean area

that includes both clear and cloudy conditions. The combined LASE and M1R data set serves as
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anext,'ernelywduablcmeansto analyzcandevaluatethecapabilityand linlilalion of millimeter-

waveremotesensingto profile watervapor. There is adeficiencyin this dal:tset:it is obtained

within a short timeover asmall regionand,asaconsequence,therangeof observedvariation in

themoisturefield of theatmosphereisratherlimited for theanalysis.

The comparisonof the MIR-retrieved profiles of water vapor mixing ratio with those

measuredby LASE leadsto thefollowing conclusions.For onething, theMIR-retrievedprofiles

generallytrackedwell with thosemeasuredby the LASE, althoughthey could not provide the

fine structurereflectingtherapid changesof moisturewith altitudethat wssobservedby LASE.

At individual altitude levels, the differencesin the mixing ratios retrieved by the MIR and

measuredby LASE arenot small. A substantial portion of these differences was caused by the

poor vertical resolution of the retrieved profiles that is inherent in the inversion process. The

standard deviation of these differences was found to be appreciably smaller than that of

climatological variations. Therefore, radiometric measurements at the MIR frequencies can

provide water vapor profiles that are useful in studying the large-scale changes in the water vapor

fields of the atmosphere.

Next, it was shown that MIR could profile atmospheric water vapor over a region with low-

altitude moderate cloud cover. There is a close association between the locations where low-

level clouds are detected by LASE and the locations where the cloud liquid water were also

required for input to the algorithm to bring about a convergent retrieval of water vapor profiles

from the MIR measurements. The cloud tops predicted by the retrieval algorithm appear to be

closely related to those observed by the LASE. The retrieval experiences some difficulty in areas

of dense clouds where the measured 89 GHz brightness temperatures are > 270 K (Figure 4).

The retrievals for these areas result in low values of mixing ratio at altitudes below cloud tops,
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require cloud liquid water in excesso10.4 kg/m2, and are associalcdwith poor convergent

criteria(ATb---2-3 K) (see Figure 5).

Finally, in the region of dense cirrus clouds where the depressions in 220 GHz brightness

temperatures are clearly observed, the effect of millimeter-wave scattering by ice particles has to

be taken into account in MIR water vapor profiling. The algorithm used to retrieve water vapor

profiles from the MIR measurements, as discussed above, does not currently incorporate such a

procedure. Consequently, the retrieved values of mixing ratio in the region of cirrus appear to be

over-estimated when compared to those measured by the LASE. To correct this deficiency in

water vapor profiling over the region of dense cirrus clouds from millimeter-wave radiometry, it

will be essential to include a procedure in the retrieval algorithm to account for the scattering by

ice particles.
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Figure Captions.

Figure I. A sketch showing the palh o1 the ER-2 aircraft flight over tim Atlantic Ocean on

September 25, 1995. Five straight line segments are denoted by LI, L2, L3, L4, and LS.

L2, L3, and L4 are repeated passes over the same region.

Figure 2. Nadir-viewing weighting functions calculated for two uniform relative humidity (RH)

profiles at the six frequencies of the MIR: (a) RH = 30% and (b) RH = 100%. A

temperature profile derived from the ECMWF product near the time and region of the

aircraft flight was used in the calculations.

Figure 3. Profiles of (a) aerosol backscatter and (b) water vapor mixing ratio measured by the

LASE over a portion of the region covered by L1. The dark pixels under the cloud

patches A, B, and C, as well as a few other less conspicuous locations, in plot (a) indicate

a total attenuation of LASE signals.

Figure 4. Variations of brightness temperatures observed by six frequency channels of the MIR

over the same region shown in Figure 3. Notice that the 89 GHz channel is particularly

sensitive to the presence of low-level liquid clouds.

Figure 5. Profiles of (a) aerosol backscatter and (b) water vapor mixing ratio for the line

segments L2 and L3. The presence of intense cirrus clouds between the altitudes of 9-12

km totally attenuates the LASE signals below the cloud base.

Figure 6. Variations of brightness temperatures observed by six frequency channels of the MIR

over the same region shown in Figure 5. The depressions of brightness temperatures

from the five high-frequency channels in the region of cirrus clouds are highly

frequency dependent.
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Figure 7. Variations of (a) water vapor mixing ratio, (b) cloud liquid _,ater, and (c) total

precipitable water retrieved from the MIR measurements. Other relevant retrieval

products are also included in plots (b) and (c).

Figure 8. A comparison of MIR-retrieved (open circles) and LASE-measured mixing ratio

profiles (solid curves at four different times. Plots (a) and (c) are at the locations of clear

sky, and (b) and (d), of cloudy sky.

Figure 9. A compariosn of the MIR-retrieved (solid curves) and LASE-measured (open circles)

mixing ratios at five different altitudes, for the same period shown in Figure 7.

Figure 10. A comparison of the MIR-retrieved (solid curves) and LASE-measured (open circles)

mixing ratios at five different altitudes for L2 and L3.

Figure 11. A comparison of the measured and retrieved values (both from LASE) of mixing ratio

for LI.

Figure 12. A comparison of the LASE-retrieved and MIR-retrieved values of mixing ratio for L1,

L2, and L3.
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